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a  b  s  t  r  a  c  t

Traditionally,  gas  chromatography–mass  spectrometry  (GC/MS)  analysis  has  used  a targeted  approach
called  selected  ion monitoring  (SIM)  to  quantify  specific  compounds  that  may  have  adverse  health  effects.
Due to method  limitations  and  the constraints  of preparing  duplicate  samples,  the  information  that  could
be  obtained  from  separately  collecting  the full  scan  chromatogram  of  the  sample  has  often  been  sacrificed.
However,  the hybrid  technique  called  synchronous  SIM/scan  mode  alternates  between  the  two  acquisi-
tion  modes,  maintaining  the  accuracy  and  sensitivity  of  SIM  for  targeted  analysis  while  also  providing
the  full  scan  chromatogram  for discovery  of non-target  compounds.  This  technology  was  assessed  using
calibration  data  and  real-world  breath  samples  from  a joint  EPA/NIOSH  collaboration  that  investigated
the  safety  of  firefighters’  protective  gear during  controlled  structure  burns.  Collecting  field  samples  is
costly  and must  be  performed  strategically  to  ensure  that  time  points  and  replicates  are  accurate  and
representative  of the intended  population.  This  is difficult  to accomplish  with  firefighters  who  are work-
olyaromatic hydrocarbon (PAH)
reath research

ing  under  volatile  conditions.  The  synchronous  SIM/scan  method  decreases  the  number  of field  samples
that  need  to  be  collected  by half  and  reduces  error  in  trying  to recreate  time  points  since a breath  sample
from  a  single  sorbent  tube  can  be  used  to collect  both  the  SIM  and  scan  data  simultaneously.  As a  practi-
cal  demonstration  of  the  method,  we  investigate  thirty-six  firefighter  breath  samples,  document  organic
compounds  of  interest,  and  identify  additional  non-target  compounds.

Published  by  Elsevier  B.V.
. Introduction

Many environmental and health studies begin with broad inves-
igations of potentially harmful sources, which are followed by

ore specific methods that focus only on constituents of inter-
st. For example, target screening revealed that of the thousands
f compounds in liquid JP-8 jet fuel, four n-alkanes (C9–C12) con-
tituted the fingerprint of the fuel and that a series of single-ring
romatic compounds (benzene, toluene, naphthalene, etc.) could

e used as markers of adverse health outcomes. Subsequently, only

 handful of target compounds were analyzed from the breath of
ir Force base personnel to efficiently assess exposures [1]. The

∗ Corresponding author at: 109 T.W. Alexander Drive, Research Triangle Park, NC,
7711, USA.

E-mail address: pleil@email.unc.edu (J.D. Pleil).
1 (research performed while on sabbatical at U.S. EPA, RTP, NC, USA).

ttp://dx.doi.org/10.1016/j.chroma.2017.07.082
021-9673/Published by Elsevier B.V.
inverse of this approach has also been implemented. For exam-
ple, if certain halogenated compounds from water disinfection are
suspected to be harmful, then only those compounds are targeted
in exhaled breath to document potential exposures [2]. However,
what if there are unanticipated sources of contamination in the
water, such as methyl tertiary butyl ether (MTBE) or trichloroethy-
lene and vinyl chloride from surface infiltration from spills (e.g.,
[3,4])? What if an unknown infectious state of the human subject
introduced bacterial off-gas products into the sample [5,6]? In these
cases, the targeted methods would fail to detect these compounds
and products, which could interfere with sample integrity or lead
to a false assessment of health state. Therefore, a combination of
targeted and non-targeted work could be important both for pro-
tecting health and in other applications of clinical practice, such

as pulmonary testing and hypoxia, forensic science, and national
security [7–9]. This has traditionally required separate instrumen-

dx.doi.org/10.1016/j.chroma.2017.07.082
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2017.07.082&domain=pdf
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al methods as described below, and depending upon sampling
chemes, could even require additional sample collections.

.1. Targeted and non-targeted analysis

For targeted compound quantification in gas
hromatography–mass spectrometry (GC/MS) investigations,
he MS  acquisition mode called selected ion monitoring (SIM) is
sed where only a handful of specific analytes are detected at a
ime. This is the preferred approach because it provides improved
ensitivity and selectivity over the less specific option of analyzing
ll of the compounds using a non-targeted approach. SIM mode is
onvenient when only a select number of analytes are important
o the study and all other compounds present in a sample can be
gnored. This is not a novel concept; in fact, it is fully integrated
nto the environmental protection agency’s (EPA)’s methods for
ssessing ambient volatile organic compounds (VOCs) programs
escribed and optimized originally for EPA Compendium Methods
O-14 and TO-15 [10–12]. There are times, however, when we  have
o preconception as to what may  be present in the environment or

n biological fluids, and thus a screening approach is appropriate.
n GC/MS, this is referred to as scan mode, where the instrument
cquires a continuous range of ion fragmentation data to detect
ll possible compounds within the sample. However, scan mode
as traditionally had less sensitivity and specificity compared with
IM mode, making SIM mode the preferred method for targeted
nalysis of regulated compounds or those suspected of adverse
ealth impact.

.2. Synchronous SIM/scan analysis

Synchronous SIM/scan mode is a hybrid technique that gathers
road-based data simultaneously into two separate data files with
he improved sensitivity and specificity of targeted analysis [13,14].
or discovery analyses, when both targeted and non-targeted com-
onents are applicable, synchronous SIM/scan mode can provide a
seful way to meet both data quality objectives. While sacrificing

 small amount of sensitivity, a full total ion current (TIC) of the
ample can be simultaneously obtained along with the SIM chro-
atogram. This allows for accurate quantification of target ions

n the SIM chromatogram while still providing access to the full
IC of the sample to search for and quantify unknown compounds
13,14]. SIM/scan mode switches back and forth between SIM and
can acquisition modes throughout the course of the sample run. A
onsequence to this style of analysis is a potential decrease in the
umber of cycles per second, which may  slightly affect peak width
ut does not compromise instrument performance. The number of
ycles per second decreases as the scan sampling rate is increased,
ut the overall number of cycles per second is also influenced by
he number of ions in each SIM group and their dwell times [13].

A few previous demonstrations of Agilent’s synchronous
IM/scan mode have been reported. GC/MS with SIM/scan mode
as been utilized to identify target and non-target organic con-
aminants in water samples [15] and tobacco smoke [16]. Thermal
esorption-GC/MS (TD-GC/MS) with flame photometric detection

n SIM/scan mode has also been used to identify and quantify
olatile substances in fumigants [17]. PerkinElmer developed a sim-
lar technology known as selected ion full ion (SIFI), which also

ollects full scan and SIM spectra simultaneously [18]. SIFI has
een used in 24 h diffusive air sampling to monitor co-eluting com-
ounds while quantifying select VOCs during TD-GC/MS analysis
19,20].
togr. A 1516 (2017) 114–124 115

1.3. Firefighters’ exposure study

In this work, synchronous SIM/scan mode was applied to ana-
lyze firefighter breath samples collected by the National Institute
for Occupational Safety and Health (NIOSH) and analyzed at EPA.
The present collaborative study was conducted as a follow-on
of previous work [21–23]. Here, we assessed exposure levels of
firefighters to VOCs and polyaromatic hydrocarbons (PAHs) from
controlled structure burns. Although firefighters wear turnout gear
and self-contained breathing apparatus (SCBA) throughout the
course of these standard exercises, they are still exposed to low
levels of these harmful compounds, presumably through their skin
in the neck region where their hoods provide insufficient protec-
tion due to the porous nature and movement of the hoods during
firefighting activities [21,23–25]. In this study, firefighters were
assigned to different firefighting positions to see if the exposure lev-
els varied based upon firefighting duties during the exercise. The
focus of the present work is to assess the real-world application
of synchronous SIM/scan mode using various calibration standards
and breath samples from firefighters; a detailed article interpreting
the exposures of firefighters will be prepared in a separate publi-
cation.

2. Experimental

2.1. Materials and chemicals

Carbograph 2TD/1TD dual bed thermal desorption (TD) tubes
(catalog no. C2-AXXX-5126) and BIO-VOC samplers were pur-
chased from Markes International (Cincinnati, OH, USA). PAH
standards (catalog no. 31011) and the Rxi-5Sil 30 m MS  Capillary
Column with a 0.25 mm ID, 0.25 �m film thickness and a 5 m Inte-
gra Guard column with 0.25 mm ID (part no. 13623-124) were
purchased from Restek Corporation (Bellefonte, PA, USA). HPLC
grade methanol was purchased from Fisher Scientific (Hampton,
NH, USA). Research grade helium gas (99.9999%) and Ultra zero air
were supplied by Airgas (Morrisville, NC, USA). The TO-14A 43 Com-
ponent Mix  at 1 ppm in nitrogen was supplied by Linde Electronics
& Specialty Gases (Stewartsville, NJ, USA).

2.2. Sample collection

Sample collection was performed at the University of Illinois
Fire Service Institute using a protocol approved by the Univer-
sity of Illinois and NIOSH Institutional Review Boards (IRB) with
informed consent of all participants. Additional details about this
study, which had a number of specific aims beyond the scope
of this paper, are provided in [26]. Exhaled breath samples were
collected from firefighters who  participated in controlled struc-
ture burns conducted by NIOSH using a previously established
breath sampling regimen [21]. The study was  performed at the Fire
Service Institute at the University of Illinois. Three groups of 12
firefighters participated in four controlled burns on different days.
The controlled burns mimicked residential settings with modern
furniture. Firefighters were assigned to different positions, includ-
ing command/pump, attack, search, outside vent, overhaul/backup,
and overhaul/rapid intervention team (RIT). Firefighters who went
inside the structures (e.g., attack and search) were required to wear
self-contained breathing apparatus (SCBA), while firefighters par-
ticipating outside the structure were not required to wear SCBA
(e.g., command/pump and outside vent). Firefighters performing

overhaul did not always wear SCBA while outside the structure, but
did don SCBA before entering the structure after suppression to per-
form overhaul (i.e., search for smoldering items or residual flames).
Breath samples were taken before, directly after, and 1 h post-
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xposure. Participants exhaled into BIO-VOC samplers, and 129 mL
f end-tidal breath was then loaded onto Carbograph 2TD/1TD dual
ed TD tubes. The TD tubes were shipped to U.S. EPA on ice packs
nd stored at 4 ◦C until analysis.

.3. Standard preparation and calibration

Upon receipt from the vendor, the Carbograph 2TD/1TD dual bed
D tubes that were used for calibration were conditioned at 350 ◦C
or 2 h followed by 10 h at 380 ◦C while purging with 75 mL/min
f research grade helium using a TC-20 tube conditioner (Markes
nternational, Cincinnati, OH). The conditioned tubes were then
lank checked on the ATD-GC/MS to determine the background lev-
ls of VOCs on the tubes. After laboratory analysis, the tubes were
onditioned for 2 h at 380 ◦C using the TC-20 tube conditioner.

PAH standards were prepared using a 16 component Restek Cor-
oration calibration mix. The 2000 ng/�L PAH standard was diluted

n HPLC grade methanol to prepare a set of calibration standards
f concentration 0.02, 0.05, 0.10, 0.20, 0.50, 1.0, and 2.0 ng/�L. PAH
tandards were loaded onto Carbograph 2TD/1TD dual bed tubes
sing a direct injection method. One �L of methanol was  drawn

nto a 10 �L syringe using an air gap and a solvent plug. Next, 1 �L
f the liquid PAH calibration standard was drawn into the syringe.

 sorbent tube was placed into the injection port of a flash loading
ystem, which was heated to 127 ◦C. The PAH solution was  injected
nto the tube in a steady stream of helium gas at a flow rate of
0 cc/min for 4 min. During method optimization to determine the
AH loading time, a methanol breakthrough test was performed
y injecting pure methanol onto the TD tube for a range of loading
imes and analyzing the test samples by ATD-GC/MS to determine
f any methanol had diffused from the tube during loading.

After the PAHs were loaded onto the sorbent tubes, the VOCs
ere then loaded onto the same tubes at matched concentration

evels from low to high using a TO-14A 43 Component Mixture
t 1 ppm in nitrogen. An Easy VOC syringe sampler was used to
eliver a constant volume of 200 mL  of gas onto each tube. The
ange of VOC calibration points was achieved by varying the flow
ates of the calibration gas (TO-14A) and the dilution gas (humidi-
ed air). Tylan mass flow controllers (Coastal Instruments, Burgaw,
C, USA) were utilized to control the flow rates, and higher flow

ates of the TO-14A calibration gas were utilized as the required
OC concentration increased. For each calibration level, the con-
itions were 50% relative humidity and 20 ◦C. VOC standards were

oaded in concentrations of 0.5, 1.0, 2.0, 5.0, 10.0, 25.0, and 50.0
arts per billion by volume (ppbv). Pure methanol and humidified
ir without VOCs were loaded onto three sorbent tubes per calibra-
ion to serve as a “zero” calibration reference point. Three sorbent
ubes were loaded for each calibration point, and seven tubes were
oaded with the 0.5 ppbv VOC, 0.02 ng PAH standard in the first
alibration curve preparation to determine the method detection
imit (MDL). Since the PAHs are less volatile than the VOCs and are

ell retained by the chosen sorbents, the PAHs were not displaced
rom the Carbograph 2TD/1TD tubes during loading of the VOCs.

To calibrate the system, two empty glass tube helium blanks
ere analyzed followed by a lab blank, which consisted of a

onditioned Carbograph 2TD/1TD dual bed tube. The calibration
tandards were then analyzed from low concentration to high,
ith three replicates per concentration. At the end of the calibra-

ion sequence, two daily calibration check standards (10 ppbv VOC,
.5 ng PAH) were included to assess instrument drift. During sam-

le analysis, lab blanks and daily calibration check standards were

ncluded in the sequence every 13 samples to assess instrument
rift and performance. When the area counts for the compounds in
he daily calibration check standard fell out of the +/−  30% range
togr. A 1516 (2017) 114–124

of the calibration value, the system was recalibrated. In total, three
calibrations were performed during the analysis of this sample set.

2.4. ATD-GC/MS analysis

Breath samples were desorbed using a PerkinElmer (PE)
650 TurboMatrix automated thermal desorption (ATD) system
(PerkinElmer LAS, Shelton, CT, USA), and compounds were ana-
lyzed in an Agilent 6890N gas chromatograph coupled to an Agilent
5975 inert XL mass spectrometer (GC/MS) (Agilent Technologies,
Santa Clara, CA, USA) instrument. Thermal desorption and GC/MS
conditions reported in [27] were utilized as a guide to select ini-
tial parameters and were optimized for this particular application.
A proprietary ion focusing trap was  provided by PerkinElmer.
Thermal desorption was achieved using a purge time of 5 min, des-
orption flow rate of 20 mL/min, and desorption time of 15 min. The
trap temperature was increased linearly from 10 to 385 ◦C with a
trap hold of 10 min. The tube temperature was set to 375 ◦C and the
valve temperature was  270 ◦C. The column flow was 2 mL/min, the
outlet split was set to 6 mL/min, and the inlet split option was not
utilized.

A Rxi-5Sil 30 m MS  Capillary Column with a 0.25 mm ID, 0.25 �m
film thickness and a 5 m Integra Guard column with 0.25 mm ID was
utilized for chromatographic separation with helium as the carrier
gas. The initial oven temperature was  35 ◦C for 2 min, 6 ◦C/min to
190 ◦C, 28 ◦C/min to 310 ◦C with an 8 min  hold. The quadrupole, ion
source, and transfer line temperatures were held at 176, 290, and
290 ◦C, respectively. A solvent delay of 1.50 min  was used. Ions were
monitored from 35 to 300 m/z. During setup of the mass spectrom-
etry acquisition parameters, the option to collect spectra in both
SIM and scan modes was  selected. Scan spectra were collected at a
rate of 22̂. The target and qualifier ions for the SIM analysis were
split into ten different ion groups based on compound elution order
and retention time. The PAH and VOC compounds and their target
and qualifier ion m/z are listed in Table 1.

2.5. Data analysis

Target compounds were identified based on single Da mass and
retention time using the data in the SIM chromatograms and com-
paring to the VOC and PAH standards. The scan chromatograms
were used to confirm the identities of the target compounds using
the NIST library. The target compounds were typically identified as
one of the top three database matches with reverse match scores
greater than 850. Chromatographic peak integrations were per-
formed using ChemStation software version D.02.00. For all data
files pertaining to the three calibrations, target compounds were
integrated from both the scan and the SIM chromatograms to obtain
raw area counts. Target compounds were integrated from both the
scan and SIM chromatograms for a selected subset of 36 samples
out of a total of 446 firefighter samples analyzed in this study. The
target compounds in the remainder of the firefighter samples were
only integrated from the SIM chromatograms for use in subsequent
exposure investigations but remain available for further evalua-
tions of the MS  techniques. Detailed analytical results of all of the
firefighter samples will be published elsewhere. Relevant sample
information and parameters were exported from ChemStation into
Microsoft Excel for external data processing. The calibration curves
were background corrected by subtracting the area counts obtained
for the 0 ppbv VOC, 0 ng PAH sample for each compound from
each subsequent calibration level. The calibration curves were fit
to second-order polynomial regression equations. The regression

equations were utilized to calculate the concentration of each VOC
based upon the area counts reported by the instrument. These con-
centration values were then corrected for instrument drift using
the weighted average of the calibration check standards analyzed
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Table  1
Target and qualifier ions and selected dwell times for VOCs and PAHs analyzed in SIM/scan mode.

Compound Retention Time (min) Target Ion (m/z) Qualifier Ion (m/z) Target and Qualifier Ion Dwell Times (ms)

Benzene 2.68 78.1 77.1 25
Toluene 4.28 92.1 91.1 25
Ethylbenzene 6.39 106.1 105.1 25
m,p-Xylene 6.65 106.1 105.1 25
Styrene 7.15 104.1 103.1 25
o-Xylene 7.19 106.1 105.1 25
4-Ethyltoluene 9.08 120.1 105.1 25
1,3,5-Trimethylbenzene 9.25 120.1 105.1 25
Naphthalene 14.77 128.0 127.0 100
Acenaphthylene 20.75 151.9 151.0 100
Acenaphthene 21.44 154.0 153.0 100
Fluorene 23.47 166.0 165.0 100
Phenanthrene 27.12 178.0 176.0 100
Anthracene 27.29 178.0 176.0 100
Fluoranthene 30.17 202.1 101.0 50
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Pyrene 30.49 202.1 

efore and after each set of 13 samples analyzed (see Section 2.3
tandard Preparation and Calibration). The concentration values
or each compound were then background corrected by subtract-
ng out the average concentration value obtained for the lab blanks
conditioned, analyzed tubes) for that calibration sequence.

. Results and discussion

.1. PAH and VOC method development

.1.1. PAH and VOC standard loading onto carbograph adsorbent
ubes

While the analysis of VOCs was the main objective of the NIOSH
tudy, we utilized these samples to perform some method devel-
pment at EPA to see if we could also detect PAHs in the firefighter
reath samples. PAHs are products of incomplete combustion, sev-
ral of which are known to be potentially carcinogenic to humans,
nd therefore of interest to firefighter exposure [28,29]. As part
f this work, a novel procedure for VOC and PAH dual standard
reparation and loading was investigated. In this method, PAHs
nd VOCs were loaded onto the same set of Carbograph 2TD/1TD
ual bed tubes to avoid having to use separate tubes for each set
f compounds, which decreased the number of tubes required to
alibrate the ATD-GC/MS system by half. This calibration method
lso more closely represents the condition of the samples on the
ubes. Since both the VOCs and PAHs are present simultaneously,
ny issues caused by this potential interference will be present in
oth the calibration and sample tubes.

This procedure for loading both the PAHs and VOCs onto the
ame set of Carbograph 2TD/1TD tubes significantly reduced instru-
ent analysis time during calibration. Three TD tubes were loaded

er calibration point. For this method, eight calibration points were
elected to define the sample range. With three replicates per cali-
ration level, 24 TD tubes were needed for standard loading, which
lso required approximately 24 h of instrument analysis time. If
he PAH and VOC standards had to be loaded separately, then the
equired number of TD tubes as well as the instrument analysis time
ould be doubled. This significantly increases the cost of the study,

s TD tubes are expensive, and also decreases efficiency because
f the significant increase in time. Due to instrument drift, the
ccuracy of the calibration points analyzed at the beginning of a

alibration sequence lasting for more than 48 h is likely to be lower
ompared with the calibration samples analyzed toward the end
f the sequence, which are likely to have much lower area counts,
epending on the stability of the individual instrument. For the
101.0 50

purposes of our study and the large number of samples, the dual
PAH/VOC calibration was  an efficient approach.

3.1.2. ATD-GC/MS SIM/scan method development
The firefighter samples were analyzed in synchronous SIM/scan

mode to allow for discovery analysis of non-target compounds in
the samples while maintaining high sensitivity and accuracy for
analysis of known compounds of interest to the study. The SIM
parameters were optimized using strategies outlined in [12] and
[30], as described here. The most abundant fragment ion for each
compound was  selected as the target ion, and typically the second
most abundant ion was  chosen as the qualifier ion. The accurate
m/z of the target and qualifier ions utilized in the final method was
determined by analyzing the standard with target ions ±0.1, 0.2
around the mass centroid of the chosen target ion, and the most
abundant accurate ion m/z was utilized in the final method. Each
ion was tested with dwell times of 25, 50, 75, and 100 ms, and the
dwell time that yielded between 10 and 20 scans across each chro-
matographic peak was used for that ion in the final method. Table 1
lists the VOCs and PAHs targeted in the SIM portion of the method
along with the retention times, target ion m/z, qualifier ion m/z, and
dwell times for each ion.

Shown in Fig. 1 is a screenshot of a TIC of the VOC portion of
a 50 ppbv VOC, 2.0 ng PAH standard from the 4/29/16 calibration.
Due to the significant differences in the VOC  and PAH concentra-
tions, the chromatograms are shown separately at different scales.
The top portion of the figure shows the full scan chromatogram
while the bottom portion shows the SIM chromatogram. The scan
chromatogram contains additional compounds from the Linde 43-
component calibration mix  that were not included in the target
compound list. All of the target VOC compounds were baseline sep-
arated during chromatography except for m- and p-xylene, which
co-elute at 6.65 min, and styrene and o-xylene, which co-elute at
7.15–7.19 min. Since m-  and p-xylene are constitutional isomers,
these compounds were analyzed together in this method. Styrene
and o-xylene, however, have unique target and qualifier ions, and
were therefore analyzed separately using the data collected in SIM
mode (See Table 1).

Shown in Fig. 2 is the PAH portion of the 50 ppbv VOC, 2.0 ng PAH
standard from the 4/29/16 calibration shown above. The scan chro-
matogram is shown in the top panel and the SIM chromatogram
containing the target compounds is shown in the bottom panel.

Some of the latest eluting VOCs from the Linde 43-component cal-
ibration mix  can be seen in the scan chromatogram around the
time that naphthalene elutes at 14.7 min  (top portion of figure).
The PAHs were all well separated during chromatography. The
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Fig. 1. VOC chromatogram.
Close up of the VOC portion of the 50 ppbv VOC, 2.0 ng PAH standard chromatogram from the 4/29/16 calibration. From left to right (SIM): benzene (2.68 min), toluene
(4.28  min), ethylbenzene (6.39 min), m,p-xylene (6.65 min), styrene/o-xylene (7.15/7.19 min), 4-ethyltoluene (9.08 min), 1,3,5-trimethylbenzene (9.25 min), and 1,2,4-
trimethylbenzene (9.89 min) (non-target compound also isolated in SIM mode).

Fig. 2. PAH chromatogram.
C gram 
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lose up of the PAH portion of the 50 ppbv VOC, 2.0 ng PAH standard chromato
cenaphthylene (20.75 min), acenaphthene (21.44 min), fluorene (23.47 min), phe
30.49  min).

C/MS conditions outlined in [31] were used as a starting point
o determine optimal temperatures for PAH analysis. Challenges
ith consistent desorption of the PAHs, especially acenaphthene,
uorene, and anthracene, were observed in this method.

The MDL  of each compound was determined using the method
iven in the Code of Federal Regulations (40CFR136 Appendix B).
riefly, seven replicates of the 0.5 ppbv VOC, 0.02 ng PAH standard
rom the 4/29/16 calibration were analyzed, and the standard devi-
tion of the seven replicates was multiplied by 3.14 (the Student’s
from the 4/29/16 calibration. From left to right (SIM): naphthalene (14.77 min),
rene (27.12 min), anthracene (27.29 min), fluoranthene (30.17 min), and pyrene

t-value for a single-tailed t-test with 99 percent confidence and six
degrees of freedom).

3.2. Calibration curves

The calibration data were fit to second-order polynomial regres-

sion equations for the three calibrations performed. The ion signals
for the target compounds were integrated from both the SIM and
scan chromatograms, and calibration curves from each analysis
mode were plotted and compared to one another. For all three cal-
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brations, the VOCs had curves with R2 values greater than or equal
o 0.9997 for the calibration curves plotted using both the SIM and
can data (see Table S1).

The PAH calibration curves showed wider variability in the
btained R2 values, which ranged from 0.7177 to 0.9998 for the SIM
urves and from 0.4884 to 0.9997 for the scan curves. The lower R2

alues obtained for the PAH calibration curves are most likely due to
nconsistent desorption of the PAHs from the selected TD tube, Car-
ograph 2TD/1TD, that could not be corrected through optimization
f the ATD method parameters. This method appears to be better
uited to PAHs using a different type of TD tube, such as Tenax (data
o be published elsewhere). The expected concentrations of VOCs
nd PAHs in the firefighter breath samples necessitated selecting
alibration ranges for the VOCs and PAHs that were approximately
00-fold different. The VOC amounts loaded onto the Carbograph
ubes ranged from 1.6 to 250 ng, while the PAH amounts ranged
rom only 0.02 to 2.0 ng. The lower amounts of the PAHs on the
ubes made detection of the low level PAHs challenging, lead-
ng to some non-detects for PAHs that do not have a high signal
esponse in GC/MS, such as anthracene. Due to the higher sensitiv-
ty and accuracy of SIM mode for quantifying low abundance ions
n complex samples, the equations generated using the SIM data
re assumed to be the most accurate and representative of the true
ystem response, and these SIM calibration curve equations were
tilized to analyze the bulk of the firefighter sample data. Therefore,
ue to the challenges with the PAH analysis, the results for these
ompounds were considered qualitative rather than quantitative.

.3. Difference plots

Next, the data were evaluated to ensure that they were evenly
nd tightly distributed around the average calculated values for
ach calibration point in the calibration curves. Difference plots are

 useful technique for visualizing the level of agreement within a
ata set and to identify potential outliers. Difference plots were
reated to assess the spread of the data for each target com-
ound across the calibration concentration levels. The percent error
as calculated by subtracting the average area counts for each

ompound from each individual measurement (termed the “Real
alue”), dividing by the average value, and multiplying by 100%:

(RealValue − Average)/Average] × 100% (1)

These percentages for each compound were then plotted against
he calibration level to which they pertain. The difference plots
or the 4/29/16 calibration as calculated from the SIM and scan
ata for the VOCs can be seen in Fig. 3a and b. The PAHs were
ot included in the same difference plots as the VOCs because
he compounds had different degrees of spread. Smaller percent-
ges indicate that the replicate measurements at that calibration
evel were more precise, while larger percentages indicate wider
ariability in the three replicate measurements during calibration.
nsurprisingly, the most significant spread in the plots can be seen
t the lowest calibration level, 0 ppbv VOC. The spread at the lower
alibration levels is inflated due to dividing by the lower number
f average area counts measured on these tubes in Eq. (1). Over-
ll, the spread in the percentages does not significantly change
cross the calibration levels as the concentration increases, indi-
ating that the variability in the method precision is consistent.
his implies that the same statistical parameters can be applied
o the data at each calibration level without incurring any addi-
ional error. While the difference plots constructed using the SIM
nd scan data show similar spread for the higher calibration levels,

ome slight differences can be seen in the 0 ppbv level. The scan
lots show slightly more visible spread than the SIM plots at the

owest calibration levels, which is likely exacerbated by the low
evels of the compounds on the tubes, since the 0 ppbv calibration
togr. A 1516 (2017) 114–124 119

standard is basically just measuring the sampling tube and system
background of the VOCs. While some compounds such as benzene
are typically identified with sample peaks, other compounds like
4-ethyltoluene often do not show any signal at the 0 ppbv calibra-
tion level and therefore show up as zeroes or with extremely small
area counts, which can also increase variability. Difference plots for
the SIM and scan results from the 4/29/16 and 5/17/16 calibrations
showing similar results can be seen in the Supplemental Informa-
tion as Supplemental Figs. S1–S2. Difference plots for the PAH data,
which showed significant spread compared to the VOC data, can
also be found in the Supplemental Information. The most significant
PAH outliers were acenaphthene, fluorene, and anthracene, which
were often poorly detected due to the desorption issues experi-
enced from the Carbograph 2TD/1TD tubes mentioned previously.
Therefore, these three compounds were omitted from the differ-
ence plots. Naphthalene, phenanthrene, and fluoranthrene showed
much tighter distributions in the SIM and scan plots for all three
calibrations while acenaphtyhlene and pyrene generally showed
more variability (see Supplemental Figs. S3–S5).

3.4. Percent error between SIM and scan calibrations

The percent error between the average area counts measured
in SIM and scan at each calibration level was  then calculated to
determine how much the raw area counts acquired from the peak
integrations in scan mode differed from those obtained in SIM
mode. Since SIM is considered the more accurate of the two quan-
titation methods, it was  used as the theoretical or known value in
the percent error calculation, shown in Eq. (2):

[(|SIMavg − scanavg|)/(SIMavg)] × 100% (2)

Where SIMavg is the average of the three replicate measurements
of the calibration level quantified in SIM mode, and scanavg is the
average of the three replicate measurements of the calibration
level quantified in scan mode. The percent errors for the 4/29/16,
5/17/16, and 6/15/16 calibrations are included in Supplemental
Table S2. The percent errors for the VOCs were typically less than 1%
for all compounds, especially at the calibration levels of 2 ppbv and
higher. 4-Ethyltoluene showed a higher percent error of 14.5% at
the 0.5 ppbv calibration level, indicating that there may  have been
some interference that led to a higher area count measurement in
scan. For the lower concentration levels, SIM is clearly more accu-
rate at quantification. At the higher concentration levels, however,
when higher levels of VOCs are present, the area count measure-
ments from the scan peak integrations are almost identical to those
from SIM mode.

In general, the PAHs showed higher percent errors than the
VOCs, indicating that the accuracy of the area count measurements
were significantly affected by quantifying in scan instead of SIM
mode. The higher variability in the PAH data is likely explained by
the much lower concentrations of these compounds in the calibra-
tion standards compared with the VOCs. At each calibration level,
there is 100-times more VOCs than PAHs on the calibration tube due
to the large difference in abundance of these compounds expected
in the firefighter breath samples. Therefore, the PAHs are at trace
levels compared to the VOCs and require the extra sensitivity of SIM
mode in order to be accurately quantified. For many of the PAHs,
especially at the low calibration levels, the area counts acquired in
scan are consistently lower than those obtained in SIM mode, indi-
cating that scan mode underestimated the amount of PAHs in these
samples.
3.5. Scan versus SIM plots

Next, to evaluate the linearity of the response in scan versus
SIM, the area counts measured in scan for each calibration level
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Fig. 3. (a) and (b): Difference plots for the 4/29/16 VOC SIM and scan data.
These plots show the degree of spread and reproducibility of the three replicate calibration measurements for the VOC SIM and scan calibration data. The percent errors of
t ibratio
t utlier
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t

he  three calibration measurements for each compound are plotted versus the cal
han  the other calibration levels, with 1,3,5-trimethylbenzene as the most extreme o
he  calibration levels (1–8) correspond to the following VOC concentrations: 0, 0.5

ere plotted versus the area counts obtained in SIM. The LINEST
ormula in Excel was utilized to determine the standard deviation
f the slope, the standard deviation of the intercept, and the stan-
ard error of the regression. These statistical parameters can be
ound in Table S3. Most VOCs from the three calibrations appeared
o have linear responses over the calibration range with R2 values

−4
lose to 1.0 (0.9999) and low slope standard deviations (10 to
0−5, see Table S3). The important thing to note from Table S3 is
hat most of the slopes are approximately 0.99-1.01. This indicates
hat analyzing the samples in scan mode did not introduce a sys-
n level to which they pertain. Calibration level 1 (0 ppbv) shows more variability
. This spread is expected because at 0 ppbv only tube background is being assessed.
, 10, 25, and 50 ppbv.

tematic error causing the area counts to be significantly over- or
underestimated in scan mode compared to SIM mode. Slopes of 1.0
indicate that the area count responses are equivalent in SIM and
scan for most compounds in most of the calibrations.

m,p-Xylene and styrene from the 6/15/16 calibration deviated
from this observation. Styrene had a slope of only 0.782 and

m,p-xylene had a slope of 1.28, indicating that styrene was under-
estimated in scan while m,p-xylene was over-estimated (see Table
S3). These errors in area count measurements can be exacerbated
by ion interference in the scan chromatogram. While the PAHs
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Fig. 4. SIM and scan chromatograms for a firefighter sample.
Chromatogram from one of 36 exhaled breath samples analyzed in this study; this
one is from a post-exposure sample of a firefighter assigned to the overhaul/backup
position. The scan chromatogram is shown in the top panel and the SIM chro-
matogram is shown in the bottom panel. Compounds were identified in the scan
chromatogram that were not included in the SIM target list. A section of the chro-
matogram was  enlarged from 2.0 to 6.0 min  to show the difference in the number
peaks between scan and SIM mode. Scan includes additional compounds for discov-
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ple analyzed during the 6/15/16 calibration that did not show any
ry  analysis but also has more noise than SIM due to the lack of product ion mass
lters. The scale on the y-axes is divided by a factor of 1000.

howed linear responses, some of their R2 values were less than
 (0.85–0.999), and they had higher slope standard deviations than
he VOCs (10−3 to 10−1), indicating a higher degree of variability.
he higher variability in the PAHs can likely be attributed to their
ower concentrations, making them more difficult to detect accu-
ately in scan mode. Some of the PAHs also had slopes less than

 (anthracene in the 5/17/16 calibration, and acenaphthene and
henanthrene in the 6/15/16 calibration, see Table S3), showing
ome underestimation of area counts in scan mode. Both the VOCs
nd PAHs showed high standard errors of regression, indicating
ow precision and a high degree of scatter in the data. This shows
hat some accuracy and sensitivity was lost by integrating in scan

ode, which was expected. Despite the difference in sensitivity,
he lack of curvature in the scan versus SIM plots indicates that the
can data were well correlated with the SIM data without showing
oncentration-dependent signal dampening.

.6. Investigation of real firefighter samples

.6.1. Evaluation of firefighter data in SIM and scan modes
Thirty-six real firefighter samples were analyzed using data

ollected from both the SIM and scan analyses. These data were
ollected from three firefighters who were assigned to attack,
verhaul/backup, and outside ventilation positions on different
ays and contributed pre-exposure, post-exposure and 1-h post-
xposure breath samples during each exercise. Subsets of these
amples were analyzed under each of the three calibrations
reviously discussed. An example post-exposure SIM/Scan chro-
atogram from a firefighter who participated in overhaul/backup

s shown in Fig. 4. As seen in Fig. 4, the scan chromatogram con-
ains signal for additional ion peaks that were not included in the
IM target list. A section of the chromatogram was  enlarged from
.0 to 12.0 min  to show the difference in signal between scan and
IM mode. While SIM clearly has less noise due to the nature of tar-

eted analysis, the presence of the additional ion peaks in the scan
hromatogram also provides additional compounds for discovery
nalysis that were not included in the target list.
togr. A 1516 (2017) 114–124 121

The area counts obtained for each target compound in SIM were
compared to those calculated in scan. The percent errors for these
areas were calculated along with the differences in retention times
for the compounds integrated in SIM and scan. The average percent
errors for each compound were then calculated using the absolute
values of the percent errors for the compounds that were detected
in both SIM and scan mode for a given firefighter sample. These val-
ues along with the number of non-detects for each compound in
SIM and scan mode are listed in Table 2. Most of the VOCs had con-
sistent area counts measured in SIM and scan with percent errors
less than 10%, indicating that the analyses of these compounds were
not significantly affected by the lower sensitivity of scan mode (see
Table 2). However, this was  not true for 4-ethyltoluene. In approxi-
mately 20% of the 36 samples, the percent error for 4-ethyltoluene
between the SIM and scan measurements was 20% or greater. In
most of these cases, the area counts for 4-ethyltoluene were higher
in scan than in SIM. Unlike most of the other VOCs targeted in this
study, 4-ethyltoluene (retention time (RT) = 9.08 min) was  found to
suffer from interference from other non-target compounds, such as
benzaldehyde (RT = 8.96 min) in the majority of the firefighter sam-
ple chromatograms. This interference is most likely leading to high
area count measurements for 4-ethyltoluene in many of the scan
chromatograms. 4-Ethyltoluene was  also not consistently detected
in all 36 of the firefighter samples, with 15 non-detects in SIM mode
and 19 in scan mode (see Table 2). In cases such as this where com-
pounds co-elute and interference is an issue, evaluating the target
ion in SIM is more accurate for quantification.

The data for the PAHs are difficult to interpret due to the high
number of compound peaks that were not detected in either SIM
or scan in the 36 firefighter samples selected (see Table 2). Phenan-
threne and naphthalene have higher percent errors, which may also
suggest that these compounds suffer from interference. Since the
PAHs were present in much lower amounts compared to the VOCs
(approximately 100-fold lower), the PAH ion signals were more dif-
ficult to distinguish from the background, and therefore the scan
measurements showed higher deviation from the SIM values for
these compounds. Phenanthrene showed low errors for five fire-
fighter samples but high disagreement for five others, several of
which showed no signal in SIM mode. This most likely indicates
a false identification of phenanthrene from the scan analysis in
the samples that did not have any ion signal in SIM mode. The
remaining target PAHs showed no consistency between area count
measurements in SIM and scan due to the low levels of these
compounds in the firefighter samples and the noise of the scan
chromatogram interfering with accurate compound detection.

Despite the low percent errors between the area count mea-
surements for many of the VOCs and PAHs, SIM is more sensitive
to the target ion signal than scan mode. Among the 36 real sam-
ples analyzed, 23 of the VOCs and PAH compounds were identified
only in SIM mode but not in scan, while only eight compounds were
identified in scan but not in SIM. Most of the compounds exclusively
identified in scan mode had low area counts and therefore may  have
been false positive identifications. Thus SIM has the advantage of
being both more sensitive and accurate than scan. SIM mode also
produces peaks with cleaner chromatography than scan. An exam-
ple of this can be seen in Fig. 5, which depicts the extracted ion
chromatograms for 1,3,5-trimethylbenzene (m/z 105.1) collected
in SIM and scan. In this figure, the peak for 1,3,5-trimethylbenzene
collected in scan is poor quality and appears jagged, while the peak
collected in SIM is smooth and symmetrical. This demonstrates
that SIM can be advantageous for accurate peak integration and
quantification. These data were obtained from a firefighter sam-
significant differences in percent errors between area counts mea-



122 M.A. Geer Wallace et al. / J. Chromatogr. A 1516 (2017) 114–124

Table 2
Average percent errors of SIM and scan area counts for firefighter samples.

Compound Average Percent Error (%) Standard Deviation Number of Non-Detects (SIM Mode) Number of Non-Detects (Scan Mode)

Benzene 0.42 0.60 0 0
Toluene 3.24 4.88 0 0
Ethylbenzene 2.24 6.14 1 2
m,p-Xylene 3.74 11.80 1 2
Styrene 2.25 5.94 3 4
o-Xylene 2.27 6.28 1 1
4-Ethyltoluene 24.14 24.27 15 19
1,3,5-Trimethylbenzene 3.88 5.38 10 11
Naphthalene 6.50 13.10 4 3
Acenaphthylene 0.01 0.02 23 23
Acenaphthene 0.00 – 35 35
Fluorene 0.57 1.35 28 29
Phenanthrene 10.94 15.86 20 26
Anthracene 0.00 – 35 34
Fluoranthene 5.37 8.29 28 30
Pyrene  3.49 8.54 27 30

Fig. 5. Comparison of SIM and scan chromatogram signal.
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IM (left) and scan (right) extracted ion chromatograms for 1,3,5-trimethylbenzen
can  despite both peaks having similar area counts. This demonstrates the advanta
rea  counts.

ured in SIM and scan mode (i.e., the area count measurements for
oth peaks were about the same).

.6.2. Preliminary investigation of non-targeted compounds
The simultaneous acquisition of scan data allowed us to inspect

reath samples for compounds in addition to those targeted in
IM mode. Although not the focus of this specific NIOSH investi-
ation of firefighter safety, this capability is useful to determine
nsuspected exposures that would be missed by targeted analy-
is. The 36 selected real-world breath samples were investigated
or non-target compounds, and ions of interest from the scan chro-

atograms that appeared in multiple samples were searched using
he NIST library in the ChemStation software. A subset of twelve fea-
ures that were consistently observed in the scan chromatograms
ere selected as examples and are shown in Table 3. The probable

olecular formula, compound identity, most abundant ion mass to

harge ratios, and the retention time of each feature based on the
ragment ion pattern of the product ion mass spectra are included
n Table 3.
 105.1) at 9.20 min  1,3,5-Trimethylbenzene has cleaner peak signal in SIM than in
till using SIM for quantitative analyses even though scan sometimes yields similar

Herein we see additional candidates for future study, both as
exogenous markers, and potential endogenous metabolites that
may  prove important for assessing changing health state or fatigue.
Some of the compounds in this table have been previously detected
in smoke/fire and combustion sources. For example, benzaldehyde
has been found in motor vehicle emissions [32], phenol is a com-
mon  component of cigarette smoke [33,34], and dimethyl disulfide
has been detected as the major gas emitted during wildfires [35].
Several of these compounds, including sulfur and biphenyl, are also
known to originate from fuel sources such as diesel fuel and crude
oil [36]. Methyl tert-butyl ether has also commonly been used as an
additive to gasoline [37]. Therefore, it is expected that many of these
compounds known to exist in smoke and fuel sources would also be
detected in firefighter breath samples. These candidate compounds
listed in Table 3 could provide valuable information about the expo-

sure levels of individual firefighters that goes beyond the VOC and
PAH compounds targeted in this study. While the quantitation of
target VOCs and PAHs may  indicate that a significant exposure has
occurred, elevation in a non-target compound may show that the
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Table  3
Non-target compounds detected in the scan chromatograms of the firefighter samples.

Formula Probable Identity Ions (m/z) RT (min)

C5H12O Methyl tert-butyl ether 73, 57 2.00
C2H6S2 Dimethyl disulfide 94, 79 3.83
C5H6S 3-Methyl-thiophene 97, 98 4.52
C8H16 1-Octene 43, 55 4.80
C5H4O2 Furfural 95. 96 5.67
C7H6O Benzaldehyde 105, 77 9.00
C6H6O Phenol 94, 66 9.48
C12H24 1-Dodecene 55, 41 15.00
C12H10 Biphenyl 153, 154 19.25
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C12H24O Dodecanal 

S6 Sulfur 

C19H38 1-Nonadecene 

ndividual has been exposed to a different harmful chemical during
refighting. In some cases, the identity of the biomarker is not nec-
ssarily as important as its ability to provide consistent exposure
nformation patterns. Discovery analysis, especially with exhaled
reath samples, has recently been further developed beyond exoge-
ous compound investigations to capture more constituents of the
uman exposome and extended to high resolution mass spectro-
etric methods [38,39].

. Conclusions

In general, the synchronous SIM/scan procedure is a valuable
ool for assessing the character of real-world samples. The compar-
sons between both modes demonstrate excellent agreement for
alibrations and real-world samples. This approach provides robust
esults for specific compounds of interest as well as an overview of
ther compounds that might become probative for future study
esigns. For example, the potential appearance of benzaldehyde,
henol, dimethyl disulfide, sulfur, and biphenyl observed as a func-
ion of firefighter activities indicates that these compounds may
lso be used to document exposures. This additional information
omes at no risk to the primary goal of targeted analysis and
educes the effort and cost of field work in that one does not
eed to collect separate samples to perform discovery analysis. The
ual PAH/VOC standard loading technique provides a convenient
ethod to simultaneously load standards onto a single thermal

esorption tube. This method can be used to decrease the num-
er of tubes needed for calibration by half, saving both time and
ecreasing the risk of instrument drift. This method was shown to
ork well for VOCs and select PAHs.
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